Abstract-In this paper, we aim at the optimal use of the scarce energy collected by a node powered by human energy harvesting in order to improve the provided Quality of Service (QoS). To achieve this goal, we have developed a Power-QoS control scheme, called PEH-QoS. PEH-QoS is composed of three sub-modules that interact with each other in order to make optimal use of energy and get the best possible QoS. The scheme intends to ensure that a node can both capture/detect the medical events and transmit the respective data packets efficiently. One of the main features of our mechanism is that only useful data sequences are transmitted, discarding data packets that have lost their clinical validity (i.e., out of date). Extensive simulations have been conducted in order to evaluate the behavior of PEH-QoS in a typical medical node under energy harvesting conditions.
I. INTRODUCTION
A wireless body area network (WBAN) is composed of medical devices for clinical applications. These medical devices are commonly called body sensor nodes (BNs). In WBANs, each sensor performs important functions, intended either for the treatment, the diagnosis or the monitoring of the patient's health. Due to the space constraints of the human body, the functions performed by each node are unique and irreplaceable. BNs must be able to perform their tasks efficiently and interact with the human environment in a comfortable, unobtrusive and undetectable form for the patient. To achieve this goal, the BNs must be tiny and lightweight. These parameters are closely related to the battery size and the system power consumption [1] . The battery power not only restricts the node's weight and size, but also limits its lifetime, since it is a finite source of energy. Moreover, changing or recharging the battery of a node is not always feasible, since it could damage the node or put the patient's health at risk [2] .
The most innovative and promising techniques to solve the power supply limitations in WBANs are the energy harvesting (EH) or energy scavenging from the human body. Using energy harvesters, a BN can convert various energy sources (heat, motion, vibration, light, etc.) into electrical energy [3] . EH is considered as an infinite source of energy, so that nodes may be able to operate perpetually, i.e., nodes remain in energy neutral operation (ENO) [4] . A node powered by EH is declared in ENO if it consumes less or equal energy compared to the energy captured from the environment, and if a desired performance level can be always supported [4] . EH process only delivers small amounts of energy and depends on the nature, the source's availability and the nodes location in the human body. According to the characteristics of the source to be harvested, we can consider that the energy is delivered in either a constant (e.g., heartbeat) or a random (e.g., human locomotion) manner. The energy that is usually collected through the harvesting processes is not sufficient for the node operation. Therefore, the captured energy must be stored in a rechargeable battery or a supercapacitor to reach the desired operational level. The energy storage unit also serves as a buffer to handle any changes in the power supply. The time required to store the amount of energy needed to detect or report (transmit) an event depends on the amount of energy collected in a given period of time. Based on the above, it becomes clear that the collected energy exploitation is a key factor that determines the smooth operation of a node.
The idea of a WBAN that works in synergy with the human body is indeed promising. However, certain considerations must be taken into account to maintain an acceptable level of Quality of Service (QoS) in WBANs operated by human EH. The QoS requirements are more stringent in WBANs compared to traditional Wireless Sensor Networks (WSNs) [5] . In WBANs, the QoS is a fundamental demand and, hence, the throughput maximization, the delay minimization and the extension of the network's lifetime are some of the main goals to be achieved [6] . In general, the QoS and working requirements of a BN depend on the patient's health conditions, the clinical application as well as the characteristics of the collected data. In a network operated by batteries, the main purpose of Medium Access Control (MAC) protocols is to prolong the network's lifetime. On the other hand, a network powered by EH is intended to maximize the performance using the available energy. Through EH, the life of a wireless network may be extended, but other QoS metrics may be degraded (e.g., throughput, delay, packet loss, etc.) [7] .
In the field of WSNs, some authors have developed MAC protocols to reduce the effect of the energy gap of nodes due to EH [8] [9] [10] [11] . This is because the choice of medium access mechanism is the main factor that determines the network consumption [9] . However, WBANs face different challenges than WSNs. One major challenge is the measurement accuracy of the nodes. In a WSN, the large number of nodes compensates the accuracy, but a WBAN usually consists of few nodes which, as a result, are required to be robust and accurate [12] .
In this paper, we present a Power-QoS control scheme (PEH-QoS) designed for BNs operated by human EH. PEHQoS is an ENO inspired algorithm, developed so that nodes can provide the best possible QoS in WBANs powered by human EH [13] . Our contribution is summarized in the following:
1. PEH-QoS balances the proper BN's operation, the QoS requirements and the EH rate of human environment. Specifically, our algorithm has the following traits: i) it promotes the BN's ability to detect events (normal or emergency) through power-aware management based on ENO, ii) it prevents the saturation of the data packet queue and maintains the clinical validity of the information stored by discarding odd packets and updating the data queue, and iii) it makes an optimum use of the energy dedicated for data communication through a packet aggregation system, in order to maximize the throughput under EH conditions. 2. We evaluate (via extensive simulations) the throughput and other QoS metrics in a typical BN with PEH-QoS and we compare them with a baseline scenario under the same EH conditions, where the PEH-QoS is not applied. The rest of the paper is organized as follows. In Section II, we describe the related work on EH applied to WBANs. In Section III, we introduce the PEH-QoS. In Section IV, we evaluate the performance of PEH-QoS by extensive simulations and, finally, Section V concludes the paper.
II. RELATED WORKS
In the literature, there exist only few papers that address issues related to the application of the EH in the WBANs. In [14] , Seyedi and Sikdar provide a unified Markov model that combines an EH model and a traffic model for a node in a WBAN. The results obtained in [14] express the probability of not detecting an event as a function of the average event rate, the average EH rate and the battery size. In [15] , the same authors develop energy efficient transmission strategies for BNs powered by EH. These strategies are based on a tradeoff between the energy consumption and the packet error probability using Markov Decision Processes. Ventura and Chowdhury [16] propose MAKERS for multi-sources energy harvesting networks. MAKERS is a Markov based model for the prediction of the probability that a BN fails to detect an event due to lack of energy. He et al. propose analytical solutions for the optimal source rate [17] and resource allocation [18] for WBANs with energy harvesting. All these studies show that the EH rate greatly affects the performance of the nodes. Furthermore, these studies demonstrate the importance and the necessity of maintaining the sensing function in a BN operated by EH.
The main challenge to be faced by a BN powered by human EH is maintaining its functionality of detecting and transmitting correctly. Kansal et al. [4] explain that ENO is the method to achieve infinite lifetime, as soon as there are not any hardware failures. BNs powered by EH and working in ENO state represent an alternative to avoid the death of nodes due to depletion of their batteries. This goal becomes much more important when we refer to nodes confined within the human body.
III. POWER-QOS AWARE MANAGEMENT ALGORITHM
The PEH-QoS algorithm is executed at each node in the WBAN. The main goal of our scheme is to adapt the BN's performance considering its particular features, power supply and QoS requirements. To achieve this goal, our mechanism combines three sub-modules that are: i) the Power-EH Aware Management (PHAM), ii) the Data Queue Aware Control (DQAC), and iii) the Packet Aggregator/Scheduling System (PASS). Figure 1 shows the interrelationship of these three sub-algorithms in the BN's operation. 
A. PHAM: Power-EH Aware Management module.
PHAM handles the distribution and guarantees the optimal use of energy collected from the human environment. The energy management is a key to achieve acceptable performance in EH conditions. The sub-module performs power management using the BN's power consumption information. The operation of a BN mainly consists of two tasks: detection and transmission. BN's radio consumes much more energy compared to the detector ‫ܧ(‬ ்௫ ‫ب‬ ‫ܧ‬ ௗ௧ ). The EH process affects these two tasks, since the node must harvest enough energy to carry out its work properly. In WBANs, the BN's ability to detect events is as important as the transmission function. If an event is not detected, it is not possible to know whether this is a normal or abnormal event (i.e., alarm or critical event). The purpose of PHAM submodule is to try to keep the node in ENO state and maintain good detection efficiency. The detector efficiency ‫ܦ(‬ ) is given by:
In this paper, we consider that the BN's power consumption is divided into two main parts: the detection power consumption (ܲ ௗ௧ ) and the transmission power consumption
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where ‫ܤ‬ is the already stored energy, ݊ is the charging efficiency (efficiency of the storage), ܲ ௦ ሺ‫ݐ‬ሻ is the power obtained from the EH source at time t, ܲ ሺ‫ݐ‬ሻ is the power being consumed at that time, ܲ ሺ‫ݐ‬ሻ is the leakage power for the energy buffer, and ‫ܤ‬ is the size of the energy buffer. If after BN's operation ‫ܤ‬ ‫ܤ‬ then the node is in ENO and if ‫ݐ‬ ՜ λ then the node will be forever in the ENO state.
In the PHAM sub-module (see ALGORITHM 1), we use the principles of ENO to try to maintain a good performance of the detector (BN's main function). The level of energy stored in the battery ( ௩ ሻ depends on the energy harvested ‫ܧ(‬ ாு ሻ from the human environment (i.e., ௩ ሺ‫ݐ‬ሻ ൌ ௩ ሺ‫ݐ‬ െ ͳሻ ‫ܧ‬ ாு ሻ. In turn, ‫ܧ‬ ாு depends on the energy harvesting rate K EH (i.e., ‫ܧ‬ ாு ൌ ‫‬ ୌ ൌ ் ୌ ‫כ‬ ܶ). In PHAM, the harvested energy is intended to keep the detector operating properly (i.e., BN's detector ON, when ௩ ‫ܧ‬ ௗ௧ ). To achieve this goal, the algorithm controls the BN's power consumption based on the stored energy level. The transmission may be performed when the battery's energy level reaches ௩ ‫ܧ‬ ௗ௧ ‫ܧ‬ ்௫ (BN's transceiver ON), where ‫ܧ‬ ௗ௧ is the amount of energy required to maintain the function of detection at time t and ‫ܧ‬ ்௫ is the amount of energy required to perform the data communication process of ‫ܦ‬ ௗ . ‫ܦ‬ ௗ is the number of data packets to be transmitted for every data communication process. ‫ܦ‬ ௗ is calculated with the help of DQAC and PASS sub-modules. Moreover, ‫ܧ‬ ் is calculated with the help of PASS sub-module.
B. DQAC: Data Queue Aware Control module.
Since the amount of harvested energy depends on the magnitude and the availability of the EH source, data packets can remain stored for a long time until they can be transmitted. This raises two major issues; the first problem is related to the saturation of the data queue, since the node has a finite storage capacity. Once the node has reached its maximum capacity of data storage, it may not be able to store the next detected events and, consequently, these packets are lost. The second problem is related to the loss of validity of the stored data. In this condition, the stored data may lose their clinical importance because of the waiting time (e.g., in monitoring vital signs, in some cases, old data lose their value in the presence of most recent data). DQAC is a sub-module designed to control the data queue and deal with these problems. DQAC sub-module performs two main tasks: i) it prevents the saturation (overflow) of the queue with unimportant data, and ii) it allows all detected events to be stored. The sub-module performs the packet discard and update of the data queue (see ALGORITHM 2) using the information of maximum permitted end-to-end delay ‫ܦ(‬ ௫ ሻ and maximum storage capacity ( ௫ ). ‫ܦ‬ ௫ depends on the BN's application requirements and ௫ is a physical restriction of the BN's hardware. DQAC constantly monitors the waiting times of each data packet in the data queue (ܶ ௧ ), and the number of stored packets ( ௩ ሻ. The value of ܶ ௧ must not exceed the maximum waiting time in the queue (ܶ ொ௫ ሻ, otherwise the data packet is deleted to free up space in the queue. Deleted packets are data packets that either have lost their importance or have been deleted to make space for more recent packets. ܶ ொ௫ is calculated as: ܶ ொ௫ ൌ ‫ܦ‬ ௫ െ ܶ ் , where ܶ ் is the time needed for the data communication process and it is calculated in PASS sub-module.
C. PASS: Packet Aggregator/Scheduling System module.
In BNs operated by battery, the data packets can be transmitted as soon as they are generated. On the other hand, in BNs operated by EH, data transmission can be realized ͳͷǣ ‫܌ܖ܍‬ when the node accumulates enough energy to do it. PASS is a sub-module that has been designed to optimize the data transmission in EH conditions (see ALGORITHM 3). The main objective of this algorithm is to send the maximum number of data packets (among the BN's transmission possibilities) for every transmission. PASS uses the MAC protocol information for the calculation of ‫ܧ‬ ்௫ . The MAC protocol defines the rules for the frame exchange (e.g., control and data frames) between the BN and the body node coordinator (BNC), which is the sink of the information. The sub-module applies an aggregation in the part of data payload of the data frame. Figure 2 shows the structure of the IEEE 802.15.6 data frame [19] . In this way, several packets can be transmitted using the same control frames (depending on the applied protocol). The aggregation packet number is variable ‫ܦ(‬ ௗ ). An increase of the size of ‫ܦ‬ ௗ implies an increase of the amount of required ‫ܧ‬ ்௫ . ‫ܦ‬ ௗ depends on the BN's energetic conditions (i.e., ௩ ) and the status of the data queue (i.e., ௩ ). Thus, the value of ‫ܦ‬ ௗ is indirectly adapted to the K EH and data arrival time in the node. 
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IV. PERFORMANCE EVALUATION

A. Simulation Considerations and Setup.
We have developed an event-driven MATLAB simulator that implements our algorithm in a simple WBAN. We consider a WBAN formed by one BNC and one BN. We assume that the BNC has no energy shortage restrictions (it has an external power supply), while the BN is connected to an energy harvester. Energy harvester supplies energy to the node at a constant rate K EH . The BN stores the harvested energy in a rechargeable battery. The node we have chosen for our simulation is the electrocardiograph (ECG), which is a medical sensor whose function is the monitoring of electrical activity of the heart. Events detected by the ECG are converted into packets and then stored in a data buffer. The characteristics [20] [21] [22] [23] and the QoS requirements [24] of the ECG are summarized in Table I . We assume that the process of communication between the ECG and the BNC can be done directly and without interference. The BNC provides medium access through the execution of the polling access of the IEEE 802.15.6 [19] . The network parameters have been selected according to the IEEE 802.15.6 PHY-MAC specifications [19] . The system parameters used in the simulation are summarized in Table II. To evaluate our approach, we study the performance of an ECG with and without PEH-QoS, respectively. In our simulation scenario, we consider only the packet loss due to the saturation of the data buffer, the non-detection of the events, and the non-transmission of the stored packets. For the delay calculation, we use the average packet end-to-end delay of all transmitted data packets. This delay is calculated as the time the packet is generated until it is received by the BNC (Ǥ Ǥ ǡ ܶ ௧ ܶ ் ሻ. In addition, we also measure the data storage efficiency, the normalized throughput and the energy efficiency of the BN. We calculate the efficiency of data storage as the total number of stored events divided by the total number of detected events. Energy efficiency is defined as the total amount of useful delivered data over the total energy consumption [25] . Finally, normalized throughput is defined as the number of bits successfully transmitted over the total number of generated bits, within the same period of time. Simulation results for the detection efficiency of ECG with and without PEH-QoS are shown in Figure 3 . In this figure, we can see how the PEH-QoS improves the performance of the ECG in terms of detection efficiency. We observe that for very small values of K EH (i.e., ୌ ൏ ா ் ), the ECG without the PEH-QoS cannot detect any event. This is because the node is not aware of the available energy and tries to detect events, although there is not enough energy for the detection, hence wasting the collected energy. In this range, our scheme enhances the performance by a 12.8% and 93.4% for ୌ = 0.01 mJ/s and ୌ = 0.05 mJ/s, respectively. In the case of ୌ = 0.06 mJ/s ( ୌ ா ் ), we can see that both systems achieve a detection efficiency of 100%, since there is sufficient energy for the detection of all the events. Figure 4 shows the behavior of the data queue for the two systems when ୌ = 0.06 mJ/s. In this graph, we can observe that the packets are continuously accumulated because the nodes do not have sufficient energy for the transmission. In these conditions, our algorithm manages to stabilize the data queue, unlike the baseline scenario where the data queue becomes saturated. In Figure 4 , it can be also seen that the level of the queue is stabilized in 124 data packets (i.e., in this case ‫ܦ‬ ௗ ൌ ͳʹͶ), where 100% of the stored information is valid, unlike the case that the algorithm is not applied and the queue is saturated with information that is no longer valid. Figure 5 demonstrates that PEH-QoS is able to maintain the efficiency of data storage at 100%, which allows all sensory data to be stored until they are transmitted or have lost their clinical validity. In order for the node without PEH-QoS to reach a good storage efficiency, a larger ୌ should be used but, unfortunately, high values of ୌ cannot be achieved with current EH technologies. Figure 6 presents the system throughput behavior for different values of ୌ for both schemes. In this figure, we can see how our scheme, with data aggregation ‫ܦ‬ ௗ ൌ ͳʹͶ, achieves much better performance than the baseline system. Our system in ୌ = 0.16 mJ/s reaches 100% of the normalized throughput while the other system achieves only 2.06%. This is justified by the fact that our scheme sends 124 data packets for transmission, unlike the baseline that transmits only a single packet. Figure 7 shows the variation in the normalized throughput in our scheme when applying different ‫ܦ‬ ௗ when ୌ = 0.16 mJ/s. For the same conditions, Figure 8 and Figure  9 show the relationship between ‫ܦ‬ ௗ and the restrictions of reliability and delay respectively. As can be corroborated in these two figures, the value of ‫ܦ‬ ௗ = 124 data packets achieves the best delay value and reliability. In Figure 10 , we can see that our system is approximately 50 times more energy efficient than the benchmark. This fact can be rationally explained if we consider that the ECG with PEH-QoS, for the transmission of a sequence of 124 data packets of 12 bits, the node spends only ‫ܧ‬ ்௫ ൌ ʹͶǤ͵ ߤJ. On the contrary, in the case of ECG without PEH-QoS, where no aggregation is applied (i.e., L= 1), the node needs ‫ܧ‬ ்௫ ൌ ͳͲǤ͵ ߤJ for the transmission of a single data packet of 12 bits.
Furthermore, in terms of packet loss (Figure 11 ), our scheme fulfilled the reliability requirements of the application (i.e., maximum packet loss 10%), unlike the basic system which exceeded this threshold. In particular, the baseline reaches 97.94%, while our system achieved 0.39% packet loss (97.6% lower). Finally, in Figure 12 , we can see that the average packet end-to-end delay experienced in our system is 130 ms (maximum delay permitted 250 ms), contrary to the baseline which obtained a much higher value (16.18 s) (i.e. Ĭ 125 times). 
V. CONCLUSION
In this paper, we have introduced PEH-QoS, a novel power and QoS aware management algorithm for BNs powered by human EH. Our proposal is aimed to be applied to all types of BNs, as it is adapted to the individual requirements of each node in order to improve the provided QoS under EH conditions. PEH-QoS substantially improves the BN's performance, achieving optimal management of the collectd energy, while keeping the node in ENO state. Our algorithm has been proven to outperform the BN without PEH-QoS in terms of normalized throughput, energy efficiency, packet loss and average packet end-to-end delay. In addition, BNs with PEH-QoS have higher detection and storage efficiency than the baseline approach, achieving a good performance both in transmission and detection. In our future work, we plan to extend our algorithm in more complex networks, taking into account different sources of energy and location of the BNs in/on the human body.
